I. Introduction
VER the years, the National Aeronautics and Space Administration has conducted a series of wind tunnel tests (Chow et al. 1997) , flight tests (Vicroy et al. 1998 ) and several field experiments to characterize wake vortices and to study the effect of ambient atmospheric conditions on their decay and transport. In addition to providing important insight into vortex physics, the data from these experiments and flight tests have been used to develop and evaluate fast-time wake vortex prediction models. Building upon earlier studies, NASA performed a large field experiment at Memphis International Airport in 1995 to measure wake vortex decay and transport characteristics under varying atmospheric conditions and for many different types of aircraft (Campbell, et al. 1997) . The experiment was sponsored under NASA Langley Research Center's Aircraft Vortex Spacing System (AVOSS) project (Hinton 1995; Perry et al. 1997) . In 1997, the AVOSS setup at Memphis International Airport was relocated to Dallas-Fort Worth International Airport. The primary objective of this field deployment was to conduct a comprehensive test of various AVOSS procedures established at Memphis (Dasey et al. 1998; Joseph et al. 1999) .
Following the successful AVOSS deployments, the Denver 2006 Out of Ground Effect (OGE) field experiment was conducted during the months of April to June. The primary objective of this data collection activity was to track OGE vortices in lateral transport further than previous campaigns. In order to accomplish this objective, the lidar placement ( Figure 1 ) and configuration was such that the data collection focused on one direction of wake transport only (westerly winds). 
O
The meteorological measurements needed for inputs into the fast-time wake vortex models were obtained using an MTP5 (temperature profile) and directly from the lidar observations (crosswind and EDR profiles). Additionally, measurements of total wind, turbulence and temperature measurements were also obtained near the surface at three heights on a 106 ft tall meteorological tower. The altitudes of the sensors were at 7m (23ft), 14.6m (48ft), and 32.3m (103ft) AGL. Compared to the earlier AVOSS deployments which required extensive human interaction in the actual data collection, the Denver 2006 deployment was fully automated. The use of automation allowed data collection at different times of the day and in a much larger quantity. The Denver experiment was able to detect and track a large number of OGE wake vortex pairs, validate model assumptions regarding wake transport, and provide important data on the effect of wind shear and stratification on wake vortex transport.
In the following sections the Denver 2006 deployment and the processed dataset is described in detail. The fasttime wake vortex transport and decay prediction models were evaluated using the dataset and the model evaluation results are also presented.
II. Denver Wake Vortex Field Experiment
The data collected at Denver was processed to generate initial conditions for NASA's fast-time wake vortex models. The initial conditions for wake models include aircraft and meteorological data. The aircraft dependent parameters include the initial vortex descent velocity (V0), vortex pair separation distance (b0), the initial position (offset) of the vortex pair with respect to the runway centerline (y0) and the initial height of the vortices (z0). The atmospheric initial conditions include vertical profiles of potential temperature (), EDR () and crosswind. The atmospheric parameters that affect wake decay are atmospheric stratification, turbulence, and wind shear.
The original lidar data collected at Denver was reprocessed using the current version of the Lockheed Martin Coherent Technologies (LMCT) wake vortex algorithm and over 2,600 unique tracks were obtained. After matching the aircraft to known aircraft landings, approximately 2,100 aircraft landings were left in the dataset (primarily of "Large" category aircraft). This data was re-processed using WakeMod 2.5 algorithm. While the results for the LMCT legacy wake algorithm and WakeMod 2.5 are similar for Heavy aircraft, the WakeMod 2.5 algorithm gives improved circulation estimates for smaller aircraft compared to the Legacy algorithm (Jacob et al 2013) . This difference is important for the Denver 2006 OGE data set which consists of mostly "Large" aircraft. The LMCT legacy position data is used in the WakeMod 2.5 algorithm, and WakeMod 2.5 does not produce or refine the LMCT legacy position estimate. The re-processing of data through WakeMod 2.5 did however result in another small reduction of total wake tracks, as some of the tracks did not pass WakeMod quality control factors. Finally, the amount of data available for use in the fast-time wake vortex models occurred due to gaps in the meteorological observations of either the stratification (809 landings) or EDR (2 landings). Figure 2 shows the distribution of aircraft types in the re-processed dataset.
In the following sections the WakeMod 2.5 re-processed subset of Denver 2006 wake data is presented along with accompanying meteorological data. The fast-time wake model evaluation was also conducted using this subset. The EDR data used for initializing the fast-time wake models was estimated from lidar measurements (Pruis and Delisi 2011) . In the past data collections EDR have been estimated from sonic anemometers mounted on meteorological tower.
A. Aircraft Data
The aircraft data used by the fast-time wake prediction models include the initial position (offset) of the vortex pair with respect to the runway centerline (y0), the initial height of the vortices (z0), the initial vortex descent rate (V0) and the initial separation of vortices (b0). The initial position (offset) of the vortex pair with respect to the runway centerline y0 was estimated using an average of the first few data points for each landing. The initial height of the vortices z0 was estimated from backward extrapolation of the altitude trajectory in time. The initial separation distance between the vortices b0 was estimated assuming an elliptical wing loading,
where B is the wingspan of the aircraft. The initial vortex descent rate was estimated from the aircraft weight, aircraft speed, air density, and the initial vortex separation b0,
where  is the air density -which was assumed to be 1.02 kg/m 3 for all the landings, U is the airspeed, and W is the landing weight of the aircraft, each estimated from reference tables. 
B. Crosswinds and Headwinds
Crosswind profiles were estimated using the average of two horizontal in-plane wind estimates from the lidar, where one profile was estimated just prior to the aircraft passage and one profile was estimated just after the end of the wake observations. Crosswind and headwind estimates are also available from the nearby ASOS sensor. Figure  4 shows the all crosswind data obtained from the lidar along with probability density fit using a normal distribution.
The crosswind values range from -13.4m/s to 10.4m/s with a mean of -1.5m/s. 
C. Eddy Dissipation Rate
A vertical profile of EDR was generated by NASA obtained using the AVOSS Turbulence Profile Generator (ATPG) code which uses tower measurements of temperature and wind speed at two altitudes (Han et al. 2000; Joseph et al. 1999) . Vertical profiles of EDR were also generated using the lidar data following the methodology described in Pruis and Delisi (2011) . A benefit of using the lidar-based EDR estimates is that the observations are co-incident with the wake observations in time and space whereas the tower measurements require extrapolation of near-surface measurements and the accuracy of these extrapolation methods remains poorly quantified. Figure 5 shows log10() values in the left panel and the probability density fit using a log-logistic distribution for the non-dimensional eddy dissipation rates. EDR estimates from the pulsed lidar are plotted in the figure. 
D. Stratification
The MTP5 estimated air temperature up to a height of 600m with one estimate every 50m above the sensor. These temperature estimates were converted to potential temperature using a dry adiabatic lapse rate (0.00976K/m). Figure 6 (left panel) shows the potential temperature gradient calculated from each profile. The current versions of fast-time models assume a neutral stratification in case of negative potential temperature gradient. In Figure 6 (right panel), all negative gradients were set to zero before calculating the non-dimensional Brunt-Väisälä frequency. 
E. Lidar Data
Lidar data was collected using an LMCT Windtracer®. The experimental design and setup were optimized for measuring long lateral transport and descent of wake vortices. Wake trajectories were estimated using the Lockheed Martin legacy code. Previous studies indicate that the mean biases for position in the lateral direction are 4 to 7m and 1 to 3m in the vertical direction for typical out of ground effect (OGE) data collection geometry and processing parameters (Lai et al 2010) . Wake strength was estimated using WakeMod 2.5 (Jacob et al 2013) . The new wake processing algorithm appears to give improved circulation estimates for smaller aircraft than is obtained with the Legacy algorithm. This difference is important for the Denver 2006 OGE data set which consists of mostly of "Large" aircraft.
III. Evaluation of Fast-Time Wake Transport and Decay Models
The re-processed Denver 2006 lidar tracks using WakeMod 2.5 algorithm were used to evaluate the current versions of NASA's fast-time wake models. The EDR used for model initialization is usually obtained from sonic anemometers. For this evaluation, the models were initialized using EDR estimated from the pulsed lidar. A brief description of the models and the results of model evaluation are presented in this section.
Fast-time wake models are empirical or semi-empirical algorithms used for real-time predictions of wake transport and decay based on aircraft parameters and ambient weather conditions (Ahmad et al. 2014 ). The first fast-time wake transport and decay model was developed by Greene (1986) . NASA's fast-time models include: AVOSS (Aircraft Vortex Spacing System) Prediction Algorithm (APA), and TASS (Terminal Area Simulation System) Derived Algorithms for Wake Prediction (TDP). The APA model (Robins and Delisi 2002) incorporates Sarpkaya's model (Sarpkaya 2000; Sarpkaya et al. 2001 ) for out-of-ground-effect vortex decay and descent, and follows an approach similar to Corjon and Poinsot (1996) for in-ground-effect vortex transport. In the TDP model (Proctor et al. 2006; Proctor and Hamilton 2009 ) the Sarpkaya component is replaced with algorithms developed from parametric studies using large eddy simulation (LES) model. The current version of the TDP model includes the effect of the crosswind shear gradient on transport.
The current versions of the fast-time models were evaluated using the lidar observations from the Denver field experiment (Table 1) . Proxy crosswinds (Pruis et al. 2011) were not used in this analysis. The accuracy of predictions for the models was quantified in terms of root mean square error (Errorrms), mean absolute error (Errormae), and Bias: 
The evaluation statistics using the Memphis 1995 dataset are given in Table 2 as a reference. There are several differences between the Memphis 1995 and Denver 2006 datasets, which include -different sensors and processing methodologies for generating meteorological initial conditions and the use of different wake sensors. The Memphis 1995 dataset was also used in the APA model development (TDP is based on large eddy simulations). The Denver model evaluation shows good consistency in model predictions of circulation decay, lateral transport and vortex descent. The APA models were tuned using Memphis 1995 data but exhibit similar behavior when evaluated using the much larger Denver dataset (Denver dataset has five times the OGE cases compared to the Memphis dataset). The low bias in model prediction of lateral transport in the Denver evaluation also indicates good wind observations. 
IV. Summary
The primary objective of this paper was to give an overview of NASA's Denver 2006 field deployment. A summary of the Denver 2006 dataset and an evaluation of NASA's fast-time wake model using the wake observations were presented. The newly re-processed lidar tracks using WakeMod 2.5 algorithm were used to evaluate the current versions of NASA's fast-time models. The errors in model circulation predictions had a mean root mean square error on the order of 0.20 to 0.30 (0 is the initial wake circulation), the vertical transport errors were on the order of 0.5b0 and the lateral transport errors were on the order of b0. These values are consistent with previous evaluations of the models using other wake datasets.
